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Van der Waals heterostuctures, made from stacks of two-dimensional materials, exhibit unique
light-matter interactions and are promising for novel optoelectronic devices. The performance of
such devices is governed by near-field coupling through, e.g., interlayer charge and/or energy trans-
fer. New concepts and experimental methodologies are needed to properly describe two-dimensional
heterointerfaces. Here, we report an original study of interlayer charge and energy transfer in atom-
ically thin metal (graphene)/semiconductor (transition metal dichalcogenide (TMD, here MoSe2))
heterostructures using a combination of micro-photoluminescence and Raman scattering spectro-
scopies. The photoluminescence intensity in graphene/MoSe2 is quenched by more than two orders
of magnitude and rises linearly with the photon flux, demonstrating a drastically shortened (∼ 1 ps)
room temperature MoSe2 exciton lifetime. Key complementary insights are provided from a compre-
hensive analysis of the graphene and MoSe2 Raman modes, which reveals net photoinduced electron
transfer from MoSe2 to graphene and hole accumulation in MoSe2. Remarkably, the steady state
Fermi energy of graphene saturates at 290±15 meV above the Dirac point. This reproducible behav-
ior is observed both in ambient air and in vacuum and is discussed in terms of intrinsic factors (i.e.,
band offsets) and environmental effects. In this saturation regime, balanced photoinduced flows of
electrons and holes may transfer to graphene, a mechanism that effectively leads to energy transfer.
Using a broad range of photon fluxes and diverse environmental conditions, we find that the presence
of net photoinduced charge transfer has no measurable impact on the near-unity photoluminescence
quenching efficiency in graphene/MoSe2. This absence of correlation strongly suggests that energy
transfer to graphene (either in the form of electron exchange or dipole-dipole interaction) is the
dominant interlayer coupling mechanism between atomically-thin TMDs and graphene.
I. INTRODUCTION
Charge and energy transfer (CT, ET) play a prominent
role in atomic, molecular and nanoscale systems. On the
one hand, Fo¨rtser-type energy transfer [1], mediated by
relatively long-range (up to several nm) near-field dipole-
dipole coupling is an essential step in photosynthesis [2]
and is now engineered in a variety of light-harvesting de-
vices and distance sensors [3, 4]. Charge transfer, on the
other hand is a much shorter range process (∼ 1 nm) that
plays a key role in a number of molecular and solid-state
systems and is at the origin of the operation of photode-
tectors and solar cells [5, 6]. In the limit of orbital overlap
between donor and acceptor systems, electron exchange,
resulting in no net charge transfer and also known as
Dexter-type energy transfer [7], may occur. The efficien-
cies of CT and ET depend very sensitively on the donor-
acceptor distance, on the energy levels (or bands) offsets,
and on the local dielectric and electrostatic environment.
CT and ET processes may have beneficial or detrimental
impact on the performance of optoelectronic devices and
therefore deserve fundamental investigations.
In this context, two-dimensional materials (2DM, such
as graphene, boron nitride, transition metal dichalco-
genides (TMDs), black phosphorus,. . . ) provide an
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extraordinary toolkit to investigate novel regimes of
CT/ET. Indeed the very diverse and complementary
physical properties of 2DM can be tailored and con-
trolled at the single-layer level, but also combined and
possibly enhanced within so-called van der Waals het-
erostructures (vdWHs) [8–10]. VdWHs provide a new
paradigm of clean, ultra smooth two-dimensional het-
erointerfaces [11]. Since their van der Waals gap is only
of a few A, band bending and depletion regions cannot
develop in vdWH. As a result, well-established concepts
borrowed from the physics of bulk or low-dimensional
heterojunctions [6] must be adapted with great care when
describing the optoelectronic response of vdWHs. In ad-
dition, the ultimate proximity between the atomically
thin building blocks that compose a vdWH potentially
allows ultra efficient CT and/or ET.
Among the vast library of 2DM, graphene [12] and
atomically-thin semiconducting TMDs (with formula
MX2, with M = Mo, W and X = S, Se, Te) [10, 13, 14]
have attracted particular interest for optoelectronic ap-
plications [15–25]. Indeed, graphene (Gr) may act as
a highly tunable transparent electrode, endowed with
exceptional physical properties [26–28], while monolayer
TMDs are direct bandgap semiconductors with unusually
strong light-matter interactions and excitonic effects [10,
29, 30], as well as unique spin, valley and optoelectronic
properties [10, 30, 31]. Photodetectors based on graphene
and TMDs display high photoresponsivity and photo-
gain [15–19], down to picosecond timescales [20]. The
photophysics of Gr/TMD vdWHs is governed by near-
ar
X
iv
:1
70
3.
05
39
6v
4 
 [c
on
d-
ma
t.m
es
-h
all
]  
5 D
ec
 20
17
2field interlayer CT and/or ET (ICT, IET). In the related
and most studied case of TMD/TMD heterojunctions
with type II band alignment, sub-picosecond ICT and
subsequent interlayer exciton formation is thought to be
the dominant coupling mechanism [31–36]. However, re-
cent photoluminescence excitation spectroscopy studies
in MoSe2/WS2 vdWH have suggested that IET may be
at least as efficient as ICT [37].
In contrast, fundamental studies of IET and ICT re-
main scarce in Gr/TMD vdWH. Photoinduced ICT has
been observed in Gr/MoS2 photodetectors [18]. Recent
transient absorption studies have evidenced fast inter-
layer coupling in Gr/WS2 vdWHs and tentatively as-
signed it to photoinduced ICT [24]. Yet, such studies
were mostly performed under ambient conditions and the
share of environmental effects needs to be assessed. Im-
portantly, in Ref. 20, the internal quantum efficiency of
Gr/TMD photodetectors degrades when the active TMD
layer is thinned down to the monolayer limit, possibly
due to efficient IET to graphene. Overall, IET has been
surprisingly overlooked in vdWH, whereas related studies
in hybrid heterostructures composed of nanoscale emit-
ters (molecules, quantum dots, quantum wells,. . . ) in-
terfaced with carbon nanotubes [38], graphene [39–42],
TMDs [43, 44] have consistently demonstrated highly ef-
ficient Fo¨rster-type ET.
Unraveling the relative efficiencies of ICT and IET in
vdWH is a timely challenge for optoelectronics. For this
purpose, optical spectroscopy offer minimally invasive
and spatially-resolved tools. First exciton dynamics and
interlayer coupling can be probed with great sensitivity
using micro-photoluminescence (PL) spectroscopy [10,
31]. Second, micro-Raman scattering spectroscopy allows
quantitative measurements of doping and charge transfer
as it has been demonstrated in graphene [45–49] and in
MoS2 [50, 51], but not yet in vdWHs.
In this paper, using an original combination of PL and
Raman spectroscopies, we are able to disentangle con-
tributions from ICT and IET in model vdWHs made of
single-layer graphene stacked onto single-layer molybde-
num diselenide (MoSe2) (hereafter denoted Gr/MoSe2)
in the absence of any externally applied electric field.
While highly efficient exciton-exciton annihilation and
subsequent saturation of the PL intensity is – as expected
– observed in bare MoSe2 as the incident photon flux in-
creases, the PL in Gr/MoSe2 is massively quenched and
its intensity rises linearly with the photon flux, demon-
strating a drastically shortened room-temperature exci-
ton lifetime in MoSe2. Key complementary insights are
provided from an comprehensive analysis of the graphene
and MoSe2 Raman modes, which reveals net photoin-
duced electron transfer from MoSe2 to graphene and hole
accumulation in MoSe2. Remarkably, the steady state
Fermi energy of graphene saturates at 290±15 meV above
the Dirac point. In this saturation regime, balanced flows
of electrons and holes transfer to graphene, resulting in
no net photoinduced charge transfer. This reproducible
behavior is observed both in ambient air and in vacuum
and is discussed in terms of intrinsic factors (i.e., band
offsets) and extrinsic effects associated with native dop-
ing and charge trapping. Using a broad range of photon
fluxes and diverse environmental conditions, we find that
the existence of net photoinduced charge transfer has no
measurable impact on the near-unity photoluminescence
quenching efficiency in graphene/MoSe2. This absence
of correlation strongly suggests that energy transfer to
graphene (either in the form of Dexter or Fo¨rster pro-
cesses) is the dominant interlayer coupling mechanism
between atomically-thin TMDs and graphene. Our re-
sults provide a better understanding of the atomically
thin two-dimensional metal-semiconductor (i.e., Schot-
tky) junction, an ubiquitous building block in emerg-
ing optoelectronic devices, and will serve as a guide to
engineer charge carrier and exciton transport in two-
dimensional materials.
II. CHARACTERIZATION OF THE Gr/MoSe2
HETEROSTRUCTURE
Figure 1(a) shows an optical image of a Gr/MoSe2
vdWH (Sample S1) deposited onto a Si/SiO2 sub-
strate. From AFM measurements (see Supplemental Ma-
terial [52], Fig. S1), we can distinguish a region of the
heterostucture (highlighted with a white dashed contour
in Fig. 1(a)), where the two layers are well coupled, as ev-
idenced by the small surface roughness [9] and the small
height difference of approximately 0.65 nm between the
surface of MoSe2 and Gr (see Fig. 1(b)). Outside this
region, the interface shows sub-micrometer size “pock-
ets” and an average step of ∼ 2 − 3 nm (see Fig. 1(b))
between MoSe2 and Gr. Hereafter, the former and the
latter are referred to coupled and decoupled Gr/MoSe2,
respectively (see Fig1(c) and Supplemental Material [52],
Fig. S1).
Typical photoluminescence (PL) and Raman spectra
from three different points of the sample are shown in
Fig. 1(d) and Fig. 1(e), respectively. Unless otherwise
noted, the samples were optically excited in the contin-
uous wave regime using a single longitudinal mode, lin-
early polarized laser at a photon energy of 2.33 eV well
above the optical bandgap of MoSe2.
Figure. 1(f-k) displays the hyperspectral maps of (f)
the MoSe2 PL intensity, (g-j) the frequencies (ωG,2D) and
full-widths at half maximum (FWHM, ΓG,2D) of the Ra-
man G- and 2D-mode features [53], and (k) of the ra-
tio of their integrated intensities (I2D/IG). Note that
no defect-induced D-mode feature [53] (expected around
1350 cm−1) emerges from the background showing the
very good quality of our sample. All hyperspectral maps
allow to distinctively identify the coupled and decoupled
Gr/MoSe2 regions and confirm the trends observed on
selected points.
The PL spectra in Fig. 1(d) are characteristic of single-
layer MoSe2 with the A and B excitons [54] near 1.57 eV
and 1.75 eV, respectively. Remarkably, the MoSe2 PL
30.0 0.5 1.0 1.5 2.0
0
1
2
3
Gr/MoSe2
MoSe2 0.65 nmH
ei
gh
t (
nm
)
Distance (µm)
2.2 nm
1.3 1.4 1.5 1.6 1.7 1.8 1.9
10-5
10-4
10-3
10-2
10-1
100
B
PL
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
Photon energy (eV)
A
1350 1575 2625 2700 2775
0
1
ID/IG<<1
2D
R
am
an
 in
te
ns
ity
 (a
rb
. u
ni
ts
)
Raman shift (cm-1)
G
5 µm
1L MoSe2
Gr
C Se Mo
coupled
decoupled
0.65	nm 2.2	nm
(a) (b)
(c)
(d) (e)
(f) (g) (h)
(i) (j) (k)
PL intensity G-mode frequency G-mode width
2D-mode frequency 2D-mode width Intensity ratio
FIG. 1. (a) Optical image of a single-layer graphene/single-layer MoSe2 van der Waals heterostructure deposited onto a Si/SiO2
substrate (sample S1). The coupled part of the heterostructure is represented by the white dashed contour. (b) Height profiles,
measured by atomic force microscopy, along the dashed blue and red lines drawn in (a). (c) Schematic of the heterostructure
showing the coupled and decoupled regions. Photoluminescence (d) and Raman scattering (e) spectra recorded on the three
spots shown in (f) and (g), respectively. In (d) and (e), the spectra are plotted with the same color as the symbols in (f) and
(g), respectively. (f) MoSe2 photoluminescence intensity map. (g-k) Hyperspectral Raman maps of the (g) G-mode frequency
ωG, (h) G-mode FWHM ΓG, (i) 2D-mode frequency ω2D, (j) 2D-mode FWHM Γ2D, and (k) ratio between the integrated
intensities of the 2D- and G-mode features (I2D/IG) measured on single-layer graphene. All maps have the same scale as in (a)
and were recorded in ambient air at a laser photon energy of 2.33 eV, with an incident photon flux Φph = 2× 1019 cm−2 s−1
and Φph = 2× 1022 cm−2 s−1 for photoluminescence and Raman measurements, respectively.
intensity is ∼ 300 times smaller on coupled Gr/MoSe2
than on MoSe2/SiO2, while it is only reduced by a modest
factor of ∼ 2 on decoupled Gr/MoSe2 (Fig. 1(d,f). Such
massive PL quenching, also observed for other Gr/TMD
vdWHs [20, 24] demonstrates strong interlayer coupling
and suggest a much reduced exciton lifetime.
As shown in Fig. 1(e),(g-k), interlayer coupling also
dramatically affects the Raman response of graphene.
Indeed, on coupled Gr/MoSe2, the G-mode feature
upshifts, gets narrower, and the I2D/IG ratio de-
creases (Fig. 1(k)) with respect to reference measure-
ments on the neighboring pristine graphene deposited
on SiO2 (Gr/SiO2) and decoupled Gr/MoSe2 regions
(Fig. 1(e,k)). These observations are robust evidence of
an increased charge carrier concentration in graphene [47,
48]. Surprisingly, we observe an upshift of the 2D-mode
frequency on coupled Gr/MoSe2 (Fig. 1(i)), which is too
high to be solely induced by doping or strain [48, 55, 56],
and seems qualitatively similar to previous reports on
graphene deposited on thick boron nitride terraces [57,
58] and monolayer MoS2 grown on graphene [21]. Pos-
sible origins for this upshift are discussed in the Supple-
mental Material [52] (Fig. S15).
In the following we quantitatively investigate exci-
ton dynamics (Sec. III) and interlayer charge transfer
(Sec. IV) .
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FIG. 2. Normalized photoluminescence spectra of MoSe2 recorded in the cw regime at a laser photon energy of 2.33 eV, with
an incident photon flux (a) Φph = 3 × 1020 cm−2 s−1 and (b) Φph = 5 × 1023 cm−2 s−1 for MoSe2/SiO2, decoupled (D) and
coupled (C) Gr/MoSe2. The A and B excitons are labeled and the position of the A exction in MoSe2/SiO2 is indicated by a
gray vertical dashed line. (b) Integrated photoluminescence intensity of the (c) A and (d) B exciton normalized by Φph as a
function of Φph. The gray dashed line is a guide to the eye. The error bars are smaller than symbol size. (e) Photoluminescence
decays recorded using a pulsed laser at 1.96 eV with a fluence of ≈ 2.2 × 1011 cm−2 per pulse. The gray area corresponds to
the instrument response function (IRF). All measurements were performed in ambient air.
III. EXCITON DYNAMICS IN Gr/MoSe2
Although PL quenching has been reported in previ-
ous studies of Gr/TMD heterostructures (see Figure 1 in
Ref. 59 and Supplementary Figure 6 in Ref. [20]), quanti-
tative analysis of PL quenching and its interpretation in
terms of IET and ICT have not been reported thus far.
Figure 2(a,b) displays the normalized PL spectra of
MoSe2 recorded on MoSe2/SiO2, decoupled and coupled
Gr/MoSe2 at low and high incident photon flux Φph.
The A exciton PL feature of coupled Gr/MoSe2/SiO2
is marginally redshifted (by ≈ 10 meV) with respect to
that of air/MoSe2/SiO2, irrespective of Φph. Consider-
ing the drastically different dielectric environments, such
a surprisingly small reduction of the optical bandgap is
assigned to the near-perfect compensation of the reduc-
tions of electronic bandgap and exciton binding energy
in graphene-capped MoSe2[60–62]. The lineshapes of the
A exciton features are quite similar, except for a small
but reproducible narrowing of the A-exciton linewidth in
coupled Gr/MoSe2. Similar narrowing has recently been
observed in TMD layers fully encapsulated in boron ni-
5tride [63, 64] and likely results from a reduction of inho-
mogeneous broadening and pure dephasing in graphene-
capped TMD samples.
The integrated PL intensities of the A and B exci-
ton features (denoted IA,BPL ) normalized by Φph, are plot-
ted as a function of Φph in Figure 2(c) and (d), re-
spectively. For MoSe2/SiO2 and decoupled Gr/MoSe2,
IAPL/Φph drops abruptly as Φph augments due to highly
efficient exciton-exciton annihilation (EEA), as previ-
ously evidenced in TMD monolayers [65, 66]. In the case
of coupled Gr/MoSe2, I
A
PL/Φph remains constant, within
experimental accuracy, up to Φph ∼ 1024 cm−2 s−1.
As a result, while IAPL is about 300 times weaker on
coupled Gr/MoSe2 than on bare MoSe2 at Φph = 3 ×
1020 cm−2 s−1, this quenching factor reduces down to
∼ 3 at Φph = 6 × 1023 cm−2 s−1. Strong PL quench-
ing together with the linear scaling of IAPL with Φph
demonstrate that interlayer coupling between graphene
and MoSe2 opens up non-radiative decay channel for
A excitons, that dramatically reduces of the A exci-
ton lifetime and is sufficiently fast to bypass EEA. Very
similar PL quenching and exciton dynamics have been
observed in other Gr/MoSe2/SiO2 samples (see Sup-
plemental Material [52], Fig. S11-S13) as well as in
Gr/WS2/SiO2 (see Supplemental Material [52], Fig. S14)
and Gr/WSe2/SiO2 (data not shown). The shortening
of the A exciton lifetime is further substantiated by the
analysis of the hot luminescence from the B exciton (note
that our samples are photoexcited at 2.33 eV, i.e., well-
above the B exciton in MoSe2). In bare MoSe2 and
decoupled Gr/MoSe2, I
A
PL  IBPL, whereas IBPL ∼ IAPL
in coupled Gr/MoSe2. Interestingly, I
B
PL is very simi-
lar in the three cases and scales linearly with Φph (see
Fig. 2(d)). These observations suggest (i) that inter-
layer coupling does not significantly affect exciton for-
mation and exciton decay until a population of A exci-
tons is formed, and (ii) that the A exciton lifetime in
Gr/MoSe2 is not appreciably longer than the B → A
decay time. The latter is typically in the subpicosecond
range [67] in atomically thin TMDs, and provides a lower
bound for the A exciton lifetime in Gr/MoSe2. Addi-
tional insights are provided by time-resolved photolumi-
nescence measurements recorded in ambient conditions
(see Fig. 2(e)). Bare MoSe2 and decoupled Gr/MoSe2
display non-monoexponential decays [68] with average
exciton lifetime of ∼ 1 ns. As anticipated, the PL de-
cay of Gr/MoSe2 is too fast to be resolved using our
experimental apparatus, confirming that the A exciton
lifetime is significantly shorter that our time-resolution
of ∼ 20 ps. Using the estimated decay time of bare
MoSe2 and a typical quenching factor of ∼ 300 (i.e., a
quenching efficiency of ∼ 99.7%) in the low fluence limit,
we can reckon a conservative upper bound of a few ps for
the exciton lifetime in coupled Gr/MoSe2.
IV. INTERLAYER CHARGE TRANSFER
A. Net photoinduced electron transfer to graphene
The fast MoSe2 exciton decay in Gr/MoSe2 het-
erostructures may arise from a combination of ICT and
IET processes. In this section, we introduce an original
Raman-based readout of the steady state charge carrier
density in both materials.
Fig. 3 shows the evolution of ωG,2D, ΓG,2D and I2D/IG
measured in sample S1 as a function of Φph, in ambient
air. The corresponding spectra are shown in the Supple-
mental Material [52] (Fig. S2). First, for Gr/SiO2 and
decoupled Gr/MoSe2, ωG ≈ 1583 cm−1, ΓG ≈ 16 cm−1,
ω2D ≈ 2674 cm−1 and I2D/IG ≈ 6.5 do not show any ap-
preciable variation as Φph augments. These values corre-
spond to very weakly doped graphene (|nGr| ∼ 1011 cm−2
or
∣∣EGrF ∣∣ . 100 meV) [47, 48, 69]. In addition, the ab-
sence of measurable phonon softening at high Φph, in-
dicates that the laser-induced temperature rise remains
below ∼ 100 K [70].
Second, for coupled Gr/MoSe2, ωG distinctly rises
as Φph increases, whereas ΓG decreases (see Figs. 3(a)-
(c)). Additionally, I2D/IG (Figs. 3(e)) drops significantly.
These spectroscopic features provide strong evidence for
net photoinduced ICT from MoSe2 to graphene [47, 48].
We can now identify the sign of the net transferred
charge flow using the correlation between ω2D and ωG
in Fig. 3(f) as in Ref. 48 and 55. As Φph increases, the
data for Gr/SiO2 and decoupled Gr/MoSe2 show no clear
correlations. In contrast, on coupled Gr/MoSe2 ω2D and
ωG display a linear correlation with a slope of ≈ 0.11, a
value that clearly points towards photoinduced electron
doping in graphene [48].
Using well-established theoretical modelling of
electron-phonon coupling in doped graphene [46, 71], we
quantitatively determine the Fermi energy of graphene
relative to the Dirac point EGrF or equivalently its doping
level nGr. The values of E
Gr
F and nGr extracted from
a global fitting procedure (see Ref. 48) are plotted in
Fig. 3(f). As further discussed in Sec. V, EGrF (nGr)
saturates as Φph increases and reaches up to ≈ 280 meV
(≈ 5× 1012 cm−2).
B. Hole accumulation in MoSe2
Net electron transfer to graphene naturally implies
hole accumulation in MoSe2. Depending on the initial
doping of MoSe2, photoinduced hole accumulation in
MoSe2 should allow or impede the formation of charged
excitons (trions). However, at room temperature, trions
in MoSe2 are not stable enough [72] to allow the obser-
vation of trion emission in our PL spectra. However, as
in Sec. IV A, we can seek for fingerprints of ICT in the
high-resolution Raman response of MoSe2.
Figure 4(a) shows the MoSe2 Raman spectra from
MoSe2/SiO2, decoupled and coupled Gr/MoSe2. In ad-
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FIG. 3. (a) Raman G-mode frequency ωG and (b) full-width at half maximum ΓG recorded at a laser photon energy of 2.33 eV
as a function of the incident photon flux Φph for coupled (red squares) and decoupled (blue circles) Gr/MoSe2 and for Gr/SiO2
(gray diamonds) (see Figure 1). (c) Correlation between ΓG and ωG under increasing Φph. (d) ratio between the integrated
intensity of the 2D-mode feature and that of the G-mode feature I2D/IG as a function of Φph. (e) Correlation between ω2D
and ωG under increasing Φph. The color of the symbols in (c) and (e) gets darker with increasing Φph. (f) ωG (red squares,
left axis) and ΓG (blue circles, right axis) as a function of the graphene Fermi energy E
Gr
F and doping level nGr. The solid lines
are theoretical calculations [46, 48]. All measurements were performed in ambient air.
dition to several higher-order resonant features involv-
ing finite momentum phonons, one can identify the two
Raman-active one-phonon modes in monolayer MoSe2
with A′1 symmetry (near 242 cm
−1) and E′ symmetry
(near 289 cm−1) [73, 74]. The faint E′ mode-feature is
slightly downshifted on coupled Gr/MoSe2, as compared
to MoSe2/SiO2. The prominent A
′
1-mode feature is much
similar for MoSe2/SiO2 and decoupled Gr/MoSe2, but
distinctively blueshifts (by ≈ 0.5 cm−1) and gets nar-
rower (by ≈ 20%) for coupled Gr/MoSe2 (see Fig. 4(b)).
As in the case of graphene, changes in the Raman spec-
tra can tentatively be assigned to doping, with possible
spurious contributions from native strain, laser-induced
heating, as well as van der Waals coupling [75] and sur-
face effects [76, 77][78]. Interestingly, recent Raman stud-
ies in MoS2 monolayers have demonstrated that the A
′
1-
mode phonon undergoes modest doping-induced phonon
renormalization, namely a downshift and a broadening
for increasing electron concentration whereas the E′-
mode phonon is largely insensitive to doping [50, 51].
Conversely, also in MoS2, it was shown that under tensile
(resp. compressive) strain the E′-mode feature under-
goes much larger shifts than the A′1-mode feature [74, 79].
The A′1 and E
′ phonons may thus be used as probes of
ICT and strain, respectively. Based on these considera-
tions, the minute E′ phonon softening observed irrespec-
tive of Φph in Gr/MoSe2 relative to MoSe2/SiO2 suggests
a slightly larger native tensile strain on Gr/MoSe2, that
has no impact whatsoever on ICT (see Supplemental Ma-
terial [52], Fig. S4-S8). More importantly, the upshifted
and narrower A′1-mode feature consistently observed up
to Φph ≈ 6 × 1023 cm−2 s−1 in coupled Gr/MoSe2 indi-
cates a lower electron density in MoSe2 than in decoupled
Gr/MoSe2 and MoSe2/SiO2.
However, on the three regions of the sample, the
frequency and FWHM of the A′1-mode feature down-
shifts and increases linearly as Φph augments, respec-
tively. Such trends counter-intuitively suggest photoin-
duced electron doping in MoSe2. We tentatively as-
sign the observed evolution of the A′1-mode feature to
slight laser-induced temperature increase (estimated be-
low 100 K [80] at Φph ≈ 6×1023 cm−2 s−1), possibly com-
bined with related photogating effects involving the pres-
ence of molecular adsorbates and trapped charges both
acting as electron acceptors and laser-assisted desorption
of the latter [51]. Remarkably, as shown in Fig. 4(c),
the difference between the A′1 frequencies (FWHM) mea-
sured on coupled Gr/MoSe2 and decoupled Gr/MoSe2 or
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ambient air.
MoSe2/SiO2 monotonically increases (decreases) as Φph
augments. These observations correspond to a net pho-
toinduced hole doping for MoSe2 in coupled Gr/MoSe2,
relative to decoupled Gr/MoSe2 and MoSe2/SiO2, consis-
tently with the net photoinduced electron transfer from
MoSe2 to graphene demonstrated in Fig. 3.
V. ENVIRONMENTAL EFFECTS
The charge density and exciton dynamics in 2D mate-
rials are known to be influenced by environmental effects,
in particular by molecular adsorbates and the underlying
substrate [49, 51, 81, 82]. To determine the generality of
the results presented above, we compare in Fig. 5(a,b) the
evolution of EGrF with increasing Φph recorded in ambient
air and under high vacuum (. 10−4 mbar) for a set of five
samples, wherein strong PL quenching has been observed
(see Supplemental Material [52], Fig. S11). Remarkably,
in ambient air, all samples display (i) different initial dop-
ing at low Φph, (ii) distinct sub-linear rises of E
Gr
F with
increasing Φph and (iii) similar saturation at E
Gr
F around
290±15 meV (i.e., nGr ≈ (5±0.5)×1012 cm−2). Interest-
ingly, under vacuum, we systematically observe a tran-
sient regime with a photoinduced rise of EGrF (at fixed
Φph) towards a saturation value that is attained on a
rather long timescale (typically several minutes, depend-
ing on Φph, see Fig. 5(b) and Supplemental Material [52],
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FIG. 5. (a) Fermi energy EGrF (left) and doping level nGr
(right) in graphene as a function of the incident photon flux
Φph. Measurements on three selected Gr/MoSe2 samples (de-
noted S1, S2 and S3) are represented with different symbols.
The data shown in Fig.1-4 is from S1. The hatched region de-
notes the range of EGrF close to the charge neutrality point
where there is an uncertainty on the sign and on the ex-
act value of EGrF . The gray rectangle illustrates the satu-
ration value of EGrF . (b) E
Gr
F (left) and nGr (right) as a func-
tion of Φph obtained under ambient conditions (filled sym-
bols) and in vacuum (open symbols) at the same point of a
Gr/MoSe2/SiO2 and a MoSe2/Gr/SiO2 heterostructure, de-
noted S4 and S5, respectively. Measurements under vacuum
in S4 are shown as Φph is swept forward for the first time and
then backward (see arrows).
Fig. S10). Once EGrF has reached its saturation value, it
becomes completely independent on Φph (see Fig. 5(b)).
The distinct charge transfer dynamics observed under
ambient conditions and in vacuum shed light on the role
of molecular adsorbates at the surface of the vdWH. In
vacuum, a significant fraction of the molecular adsorbates
are removed, including through laser-assisted desorption.
These adsorbates are efficient electron traps [49, 51, 81],
acting against the net photoinduced electron transfer
from MoSe2 to graphene. In the absence of molecular ad-
sorbates, the electrons that are transferred from MoSe2
to graphene remain on graphene as long as the laser illu-
mination is on (see Sec. VI). Such extrinsic effects impact
the optoelectronic response of 2DM and vdWH - most of-
ten examined under ambient conditions - and therefore
provide an impetus for further studies under controlled
atmospheres [49], using different substrates, stacking se-
quences and encapsulating materials [62–64]. Along this
line, we have studied (see Fig.5(b) and Supplemental Ma-
terial [52], Fig. S11) a MoSe2/Gr/SiO2 vdWH. Remark-
ably, the results obtained on this inverted heterostructure
are very similar to those obtained in Gr/MoSe2/SiO2 vd-
WHs.
Finally, we have compared the PL in Gr/MoSe2/SiO2
and MoSe2/Gr/SiO2 in ambient air and under vacuum
conditions. While the PL of bare MoSe2 is -as previously
reported [81]- quenched under vacuum, the PL intensity
and lineshape measured as a function of Φph in ambient
air and under vacuum in Gr/MoSe2 are not apprecia-
bly different (See Fig. 6 and Supplemental Material [52],
Fig. S12).
VI. DISCUSSION
The complementary results reported in Sec. III-V now
make it possible to address a set of open questions of
high relevance for fundamental photophysics and opto-
electronic applications. What are the microscopic mech-
anisms responsible for net electron transfer and its satu-
ration (Sec. VI A)? What is the impact of excitonic effects
on interlayer coupling (Sec. VI B)? What are the relative
contributions of ICT and IET to the massive photolumi-
nescence quenching analyzed in Fig. 2 (Sec. VI C)?
A. Charge transfer mechanism
The clear saturation of the net photoinduced ICT in
Gr/TMD heterostructures shown in Fig. 5 had not been
reported thus far and we shall first discuss the underly-
ing microscopic ICT mechanisms. Since the Dirac point
of graphene is located between the valence band maxi-
mum and the conduction band minimum of MoSe2 [83–
85], the tunneling of photoexcited electrons and holes
to graphene can be envisioned as long as energy and
momentum are conserved and that EGrF lies sufficiently
below (above) the conduction band minimum (valence
band maximum) of MoSe2. Electron and hole transfer to
graphene are sketched in Fig. 7(a,b). To account for our
experimental findings, we propose the following scenario.
The band structure of coupled Gr/MoSe2 can be, in
first approximation, considered as the superposition of
the bands of the different materials [23, 86] separated
by a subnanometer “van der Waal gap”. The relative
position of the band structure is determined by the off-
sets between the Dirac point of graphene and the valence
(conduction) band maximum (minimum) of MoSe2. In
the dark, without loss of generality we may assume that
both graphene and MoSe2 are quasi-neutral. When vis-
ible light is shined onto Gr/MoSe2, electron-hole pairs
and excitons are mainly created in MoSe2 since the lat-
9ter absorbs significantly more than graphene [27, 54]. At
this point, given the very close electron and hole effective
masses in MoSe2 [87], the rates of photoinduced electron
and hole transfer from MoSe2 to graphene will chiefly
depend on the the wavefunction overlap, the density of
states in graphene and the energy difference between the
band extrema in MoSe2 and E
Gr
F .
Assuming the Dirac point lies closer to the valence
band maximum than to the conduction band mini-
mum [83, 84], the photoinduced electron current to
graphene should exceed the hole current immediately
after sample illumination, consistently with our exper-
imental findings. Due to the small density of states
of graphene near its Dirac point [12], the net electron
transfer to graphene induces a sizeable rise of EGrF above
the Dirac point. Thus, as EGrF moves away from the
valence band maximum in MoSe2, the hole current to
n-doped graphene increases significantly. The vanish-
ing of the net electron transfer to graphene then re-
sults from the cancellation of the photoinduced electron
(Fig. 7(a)) and hole (Fig. 7(b)) currents. In vacuum and
in the absence of adsorbates, this saturation is reached
in the steady state at any Φph. In ambient air, elec-
trons may escape from graphene (in Gr/MoSe2/SiO2)
or MoSe2 (in MoSe2/Gr/SiO2) resulting (at intermedi-
ate Φph < 10
23 cm−2 s−1) in a steady state EGrF below
the Φph-independent saturation value observed in vac-
uum (see Fig. 5(b)) [88].
The very similar saturation values of EGrF uncovered
in several Gr/MoSe2 samples both in ambient air and in
vacuum (see Fig. 5) suggest an limit set by the intrin-
sic band offsets between graphene and MoSe2, as well
as the electron and hole tunnelling efficiencies. The lat-
ter be affected by extrinsic materials properties, such as
the presence of band tails states as well as other traps
and defects [89]. Systematic studies using other TMDs
with distinct band offsets relative to graphene, and con-
trolled amounts of impurities and/or defects will help
determining the shares of extrinsic and intrinsic effects
in the net charge transfer saturation. Nevertheless, our
work is a step towards optical determination of band off-
sets in van der Waals heterostructures. Confronted to
electron transport measurements [90], or angle-resolved
photoemission spectroscopy [23, 85], our Raman-based
approach may unveil the impact of strong bandgap renor-
malization and exciton binding energy on the optoelec-
tronic properties of TMDs and related vdWHs.
B. Impact of excitonic effects
Indeed, although PL measurements (see Fig. 2) make
it clear that excitons are formed in MoSe2, the impact
of excitonic effects on interlayer coupling and more gen-
erally on the optoelectronic response of vdWH remains
elusive.
Upon optical excitation well-beyond the optical
bandgap (as it is the case in Fig. 1-6), free electron-
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FIG. 6. Comparison between the dependence of EGrF (left
axis, red) and IAPL (right axis, blue) on Φph measured on sam-
ple S2 (a) in ambient air and (b) in vacuum at a laser photon
energy of 2.33 eV. The dashed lines are linear fits to the pho-
toluminescence data.
hole pairs and tightly bound excitons can be formed
in Gr/MoSe2 [60, 62]. Despite exciton formation be-
ing highly efficient and occurring on sub-picosecond to
a few picosecond timescales [68, 91], our PL measure-
ments have revealed equally short band-edge (A) exci-
ton lifetimes in Gr/MoSe2 (see Fig 2). Therefore the
observed interlayer coupling processes may certainly in-
volve band-edge excitons but may also imply direct hot
carrier and/or higher-order exciton transfer to graphene.
To assess the contribution of out of equilibrium effects,
we have combined PL and Raman measurements in am-
bient air and in vacuum on a Gr/WS2/SiO2 vdWH at
two different laser photon energies near the B exciton
(2.33 eV) and slightly below the A exciton (1.96 eV). In
the latter case only A excitons can be formed by means
of an upconversion process [92, 93] (see Supplemental
Material [52], Fig. S14). For both incoming photon ener-
gies, we observe strong PL quenching as well as photoin-
duced doping, very similar to the observations discussed
in Fig. 2-6 for Gr/MoSe2 vdWHs. These observations in-
dicate that ICT and IET processes in GR/TMD vdWH
mainly involve band-edge TMD excitons [94]. This re-
sult illustrates the unusually strong excitonic effects in
TMDs, which must be taken into consideration when
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transfer processes effectively result in energy transfer.
adapting free-carrier optoelectronic models to the case
of vdWH-based devices.
C. Charge vs energy transfer
Finally, we address the competition between ICT and
IET. Let us first recall that Raman measurements probe
the steady state charge carrier densities in our samples
and do not make it possible to extract electron and hole
transfer rates. Figure 6 summarizes our findings by con-
fronting the dependence of EGrF and I
A
PL on Φph in sample
S2. The key implications of our combined PL and Raman
study are that the short exciton lifetime in Gr/MoSe2 is
(i) independent on Φph (over nearly four orders of mag-
nitude), (ii) unaffected by the environmental conditions
(air vs vacuum), and, crucially by (iii) the presence (in
air, at low Φph) or absence (in vacuum at any Φph, or in
air at high Φph) of net photoinduced ICT (here, electron
transfer from MoSe2 to graphene, see also Supplemental
Material [52], Fig. S13).
Our data demonstrate that albeit electrons and holes
may transfer to graphene, ICT processes alone (even in
the case of balanced electron and hole transfer) cannot
be responsible for the massive PL quenching and linear
rise of the PL intensity vs Φph. Instead, IET – either
in the form of electron exchange (i.e., Dexter-type IET,
Fig. 7(c)) or dipole-dipole interaction (i.e., Fo¨rster-type
IET, Fig. 7(d) – provides a highly efficient relaxation
pathway for excitons in Gr/TMD heterostructures.
Consequently, the ∼ 1 ps exciton lifetime deduced from
PL measurements (see Sec. III) can be considered as a fair
estimation of the energy transfer timescale from a TMD
monolayer to a graphene monolayer placed in its immedi-
ate vicinity. Since interlayer coupling is highly sensitive
to minute changes (at the A level) in the distance between
2D layers as well as to the distribution of TMD excitons
in energy-momentum space [42, 68], a timely theoreti-
cal and experimental challenge is to unravel the distance
and temperature dependence of the energy transfer rate
and quantify contributions stemming from short range
(Dexter) and longer range Frster mechanisms.
Let us add the following comments in order to ten-
tatively pinpoint the microscopic energy transfer mecha-
nism. First, although balanced ICT and Dexter-type IET
follow a priori two distinct microscopic mechanisms (see
Fig. 7(a-c)), both processes imply charge tunnelling (i.e.,
wavefunction overlap) and result in a similar final state
where the energy of an exciton population is transferred
to graphene. Interestingly, it was recently predicted in
porphyrin/graphene hybrids that Dexter ET is largely in-
efficient compared to Fo¨rster ET even at sub-nanometer
distances [95]. In the case of Gr/TMD vdWHs, the
large in-plane dipoles in monolayer TMDs [96] should
further favor Fo¨rster energy transfer to graphene. Along
this line, the exciton lifetime measured in decoupled
Gr/MoSe2/SiO2 (see Fig. 2(e)) is of the same order of
magnitude yet appreciably shorter than in MoSe2/SiO2,
an effect that may tentatively be assigned to long-range
Fo¨rster energy transfer [97].
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VII. CONCLUSION AND OUTLOOK
We have exploited complementary insights from micro-
Raman and photoluminescence spectroscopies to disen-
tangle contributions from interlayer charge and energy
transfer in graphene/TMD heterostructures and estab-
lish the key role of energy transfer. These general findings
advance our fundamental understanding of light-matter
interactions at atomically-thin heterointerfaces and have
far reaching consequences for applications.
Indeed the Gr/TMD system is a ubiquitous building
block in emerging optoelectronic nanodevices. Having es-
tablished that edge TMD excitons transfer to graphene
with near-unity efficiency, a key challenge is now to sep-
arate the electron-hole pairs formed in graphene [98] and
enhance photoconductivity and/or photocurrent genera-
tion before these charge carriers release their energy into
heat on a sub-picosecond timescale[99, 100].
The competition between interlayer charge and energy
transfer is also a matter of active debate in related sys-
tems, e.g. in TMD/TMD type II heterojunctions [32–37],
that are also of high relevance for optoelectronics [10]
and valleytronics [31]. We have shown that fingerprints
of interlayer charge transfer are encoded in the Raman
response of TMD monolayers. Combining Raman mea-
surements and photoluminescence spectroscopy of intra-
and inter-layer excitons should provide decisive insights
into exciton dynamics in these atomically-thin semicon-
ductor heterostructures.
More broadly, van der Waals heterostructures are also
emerging as a platform to explore many-body effects and
new regimes of strong- and/or chiral light-matter interac-
tions. Further developments in these emerging areas will
benefit from the present insights into interlayer charge
and energy transfer.
Appendix A: Experimental details
Gr/MoSe2 vdWHs were prepared onto Si wafers cov-
ered with a 90 nm thick SiO2 epilayer using a viscoelactic
transfer technique [101]. The Gr/MoSe2 vdWHs were
first characterized by atomic force microscopy (AFM)
and then by micro-PL and micro-Raman measurements.
As-prepared samples (such as sample S1 discussed above,
see Fig. 1(a)) as well as annealed samples (1 hour at
150◦C and 2 hours at 200◦C in high vacuum) such as
sample S3 were studied. Although more “pockets” (see
Supplemental Material [52], Fig. S1) are present on as-
prepared samples, we could observe, both in annealed
and as-prepared samples, extended (> 25 µm2) coupled
Gr/MoSe2 domains with smooth and uniform interfaces
due to a self-cleaning process [11].
PL and Raman studies were carried out in ambient air
and in high vacuum, in a backscattering geometry, us-
ing a home-built confocal microscope. Unless otherwise
noted, the samples were optically excited using a single
longitudinal mode, linearly polarized, 2.33 eV (532 nm)
continuous wave laser. The collected light was dispersed
onto a charged-coupled device (CCD) array by a sin-
gle (500 nm in focal length) monochromator equipped
with a 150 (resp. 900 for graphene, 2400 for MoSe2)
grooves/mm grating for PL (resp. Raman) measure-
ments. Spectral resolutions of 1.4 cm−1 and 0.6 cm−1
were obtained for Raman measurements with the 900
and 2400 grooves/mm grating, respectively. The sam-
ple holder was mounted onto a x-y-z piezoelectric stage,
allowing hyperspectral imaging. Time-resolved PL mea-
surements were performed on the same setup using a
pulsed supercontinuum laser, with a repetition rate tun-
able from 1.95 MHz up to 78 MHz. The unpolarized out-
put of the supercontinuum laser at 1.96 eV (633 nm) was
selected using an acousto-optic tunable filter. PL decays
were obtained using an avalanche photodiode coupled
to a time-tagged, time-correlated single photon counting
board. We have employed a very broad range of photon
fluxes resulting in exciton densities below and beyond
the values achieved in earlier works [18, 20, 59]. The in-
cident photon flux Φph is obtained by measuring the laser
power and the area of the laser spot. For instance, with
a measured optical power of 1 µW at the objective at
2.33 eV, we obtain a photon flux of 2.2× 1021 cm−2 s−1
using a 100x objective with a numerical aperture of 0.9.
The Raman peaks are fit using Lorentzian and modified
Lorentzian [48, 56] profiles for the G- and 2D-mode fea-
tures, respectively, and Voigt profiles (with a fixed Gaus-
sian width taking into account our spectral resolution)
for MoSe2 features. Therefore in Fig. 4(b), the linewidth
ΓA′1 has to be understood as the Lorentian FWHM ex-
tracted from a Voigt fit.
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Supplemental Material
Appendix S1: Additional Results on Sample S1
S1.1. Atomic force microscopy
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FIG. S1. (a) Optical image of the sample presented in the main text (denoted S1 in Fig. 4). (b) Atomic force microscopy image
of the black square in (a). The coupled and decoupled regions are highlighted with red and blue dashed lines, respectively.
In the coupled part, the interface between the two layers is free of contamination and is atomically flat due to the so-called
“self-cleaning” mechanism [11, 102]. On the other hand, the interface in the decoupled part shows contamination pockets.
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S1.2. Graphene Raman spectra for increasing Φph
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FIG. S2. Raman spectra corresponding to the data in Fig. 2. Measurements are performed in ambient conditions, at a photon
energy EL = 2.33 eV, for increasing values of incident photon flux (Φph), between 3.3×1020 cm−2 s−1 and 4.2×1023 cm−2 s−1,
for (a) Gr/SiO2, (b) decoupled and (c) coupled Gr/MoSe2. The spectra are vertically offset for clarity. Symbols are the
experimental data and the solid lines are Lorentzian (G mode) and modified Lorentzian [103, 104] (2D mode) fits. A broad
Lorentzian background has been subtracted from the G-mode spectra. We observe that the Raman spectra of Gr/SiO2 and
decoupled Gr/MoSe2 are not affected by the increase of Φph, whereas the Raman spectra of coupled Gr/MoSe2 reveal clear
fingerprints of photoinduced electron transfer (see main text).
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S1.3. MoSe2 Raman spectra for increasing Φph
S1.3.1. A′1 mode
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FIG. S3. Raman spectra of the A′1-mode feature in MoSe2 recorded in ambient conditions at EL = 2.33 eV for increasing values
of incident photon flux (Φph), between 3.3 × 1020 cm−2 s−1 and 6.7 × 1023 cm−2 s−1 for (a) Gr/SiO2, (b) decoupled and (c)
coupled Gr/MoSe2. The spectra are vertically offset for clarity. The vertical gray dashed lines indicate the frequency measured
at the lowest Φph.
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S1.3.2. E′ mode
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FIG. S4. Raman spectra of the E′-mode feature in MoSe2 recorded in ambient conditions at EL = 2.33 eV for increasing values
of incident photon flux (Φph), between 3.3 × 1020 cm−2 s−1 and 6.7 × 1023 cm−2 s−1 for (a) Gr/SiO2, (b) decoupled and (c)
coupled Gr/MoSe2. The spectra are vertically offset for clarity. The vertical gray dashed lines indicate the frequency measured
at the second lowest Φph.
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FIG. S5. Extracted (a) frequency ωE′ and (b) FWHM ΓE′ from Fig. S8 as a function of the incident photon flux Φph. Note
that the spectra at 3.3× 1020 cm−2 s−1 were not fit due to a weak signal. No significant changes with Φph are observed.
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S1.4. Spatially-resolved Raman studies
S1.4.1. Two-dimensional maps
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FIG. S6. (a) Optical image of sample 1. (b) G-mode frequency ωG and 2D-mode frequency ω2D for the coupled part of
the heterostructure (left) or for the rest of the graphene monolayer (either deposited on SiO2 or decoupled from MoSe2,
right). (c) Correlations between the frequencies of the 2D- and G-mode features shown in (b). The (ω2D, ωG) points cluster
around mean values of (2674.7 ± 1.8 cm−1, 1583.3 ± 0.9 cm−1) on decoupled Gr/MoSe2 and Gr/SiO2 (blue circles), and
(2690.4± 1.7 cm−1,1587.4± 0.9 cm−1) on coupled Gr/MoSe2 (red squares). Their dispersions around these mean values follow
linear correlations with a same slope of ≈ 1.5, that suggests the coexistence of both a native strain field (leading to a slope of
≈ 2.2) [55, 56] and unintentional doping heterogeneities (leading to a slope of ≈ 0.1− 0.6) [48, 55].
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S1.4.2. Line scans at various incident photon fluxes
0 1 2 3 4 5 61 5 8 2
1 5 8 4
1 5 8 6
1 5 8 8
1 5 9 0
1 5 9 2
0 1 2 3 4 5 6
4
6
8
1 0
1 2
1 4
1 6
1 8
2 0
0 1 2 3 4 5 62 6 7 2
2 6 7 6
2 6 8 0
2 6 8 4
2 6 8 8
2 6 9 2
2 6 9 6
0 1 2 3 4 5 6
2 0
2 4
2 8
3 2
3 6
4 0
0 1 2 3 4 5 62
3
4
5
6
( a )
 1 . 8  x  1 0 2 3
 9 . 0  x  1 0 2 2
 4 . 5  x  1 0 2 2
 2 . 3  x  1 0 2 2
 9 . 0  x  1 0 2 1
 4 . 5  x  1 0 2 1
 9 . 0  x  1 0 2 0
ω
G (c
m-1
)
P o s i t i o n  ( µ m )
( b )
G r / M o S e 2  
( C )
G r / M o S e 2  ( D )
G r / M o S e 2  ( D )
G r / M o S e 2  ( C )
G r / M o S e 2  ( C )
( c )
Γ G
 (cm
-1 )
P o s i t i o n  ( µ m )
G r / M o S e 2  ( D )
Φ p h  ( c m - 2  s - 1 )
( d )
ω
2D (
cm-
1 )
P o s i t i o n  ( µ m )
G r / M o S e 2  ( C )
G r / M o S e 2  ( D )
( e )
Γ 2
D (c
m-1
)
P o s i t i o n  ( µ m )
G r / M o S e 2  ( C )
G r / M o S e 2  ( D )
( f )
G r / M o S e 2  ( D )
G r / M o S e 2  ( C )
I 2D/I
G
P o s i t i o n  ( µ m )
FIG. S7. (a) Optical image of sample S1. The red and blue dashed contours delimits the coupled and decoupled Gr/MoSe2
regions. The line scans were recorded along the black arrow. The incident photon flux Φph are indicated. (b) G-mode
frequency ωG, (c) G-mode FWHM ΓG, (d) 2D-mode frequency ω2D, (e) 2D-mode FWHM Γ2D and (f) ratio between the
integrated intensities of the 2D-and G-mode features I2D/IG along the line scan.
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FIG. S8. Correlation between the 2D- and G-mode frequencies for the same line scans as in Fig. S3. The gray hatched area
corresponds to the transition between decoupled and coupled Gr/MoSe2. We notice that for decoupled Gr/MoSe2, the (ω2D, ωG)
points partly collapse onto a same line of slope ≈ 2.7 for all Φph, while another set of points follows a linear correlation with
a much reduced slope (≈ 0.1), typical from a slight electron doping [48]. In the coupled region, the (ω2D, ωG) points follow
lines, again with a slope ≈ 2.7 that horizontally shift to higher ωG for increasing Φph. These observations are consistent with
the conclusions drawn from the analysis of the Raman maps (see Figs. 1 and S3) and from the data in Fig. 2. This horizontal
shift corresponds to the increase of doping with Φph. The slope of ≈ 2.7 is in qualitative agreement with the typical slope of
≈ 2.2 measured for graphene under biaxial strain [56], and suggests negligible contributions from inhomogeneous doping in this
restricted region (note that fingerprints of inhomogneous doping are observed on the extended maps shown in Fig. S3).
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Appendix S2: Additional results obtained on other samples
S2.1. Interlayer charge transfer in a Gr/MoSe2 heterostructure with an initially hole-doped graphene layer
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FIG. S9. (a) Frequency ωG (red circles and lines, left axis) and FWHM ΓG (blue circles and lines, right axis) of the G-mode
feature measured on Sample S3 (see Fig. 4a) at 2.33 eV under ambient conditions as a function of the incident photon flux
Φph. Lines are guides to the eye. (b) Correlations between the frequencies of 2D- and G-mode features under increasing photon
flux Φph. We observe a clear linear correlation along two lines with different slopes. At low Φph, the frequencies follow a line
of slope 0.56 corresponding to hole doping [48], while after crossing the charge neutrality point, the frequencies are aligned
along a quasi-horizontal line corresponding to electron doping [48] (see also Fig. 2f). As a result, the graphene flake is initially
hole-doped and photoexcited electrons are transferred from MoSe2 to graphene.
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S2.2. Laser-assisted desorption of molecular adsorbates under high vacuum
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FIG. S10. Frequency of the Raman G mode (ωG) measured as a function of time under high vacuum on MoSe2/Gr/SiO2
(sample S5), Gr/MoSe2/SiO2 (sample S6) (upper panel) and on a reference graphene monolayer sample on SiO2 (lower panel).
Mesusurements were performed at Φph ∼ 5× 1023 cm−2 s−1. The samples had not been illuminated before the measurements.
26
S2.3. Photoluminescence quenching on various samples
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FIG. S11. Comparison between the photoluminescence spectra recorded on MoSe2/SiO2 and coupled Gr/MoSe2 in ambient air
at low Φph < 10
21 cm−2 s−1 on samples S1, S3, and S5. Very similar quenching factors and PL lineshapes are observed. Note
that sample S5 is an inverted MoSe2/Gr/SiO2 heterostructure.
S2.4. Exciton dynamics in ambient air and in vacuum
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FIG. S12. Integrated photoluminescence intensity normalized by Φph recorded on Gr/MoSe2/SiO2 (sample S2) in ambient air
(filled symbols) and in high vacuum (open symbols) as a function of Φph.
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S2.5. Comparison between photoinduced doping and exciton dynamics
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FIG. S13. (a) Fermi energy in graphene and (b) integrated intensity of the MoSe2 A exciton photoluminescence as a function
of the Φph for a forward (black squares) and backward (open red circles) sweep of Φph. The measurements were recorded on
sample S3.
Figure S13 shows PL and Raman measurements recorded in ambient air on Sample S3 (see also Fig. S9) along a
forward sweep followed by a backward sweep of Φph. As opposed to most samples studied in this work, the graphene
layer is p-doped at low Φph and we clearly see that E
Gr
F (extracted following the procedure described in the text)
has a hysteretic behavior that we attribute to laser-assisted adsorption of electron trapping molecules, such as water
or molecular oxygen [105]. Remarkably, the (linear) evolution of the PL intensity is non-hysterietic, and thus largely
independent on the equilibrium value of EGrF obtained at a given Φph. These results further confirm that the ICT
processes are likely not solely responsible for the massive PL quenching in Gr/MoSe2, and that molecular adsorbates
to affect the charge transfer dynamics.
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S2.6. Measurements under quasi-resonant optical excitation
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FIG. S14. PL and Raman measurements on a Gr/WS2/SiO2 heterostructure. The PL spectra in (a) are recorded at Φph <
1020 cm−2 s−1 using a laser photon energy EL = 1.96 eV slightly below the optical bandgap of WS2 [54]. In these conditions,
A excitons only can be formed by means of an upconversion process [92, 93]. Strong PL quenching is observed when comparing
the PL intensity from coupled Gr/WS2/SiO2 (orange) to the PL intensity PL from a nearby decoupled Gr/WS2/SiO2 region
(purple). The sharp lines above (below) the laser line in the coupled Gr/WS2/SiO2 spectra correspond to the anti-Stokes
(Stokes) Raman modes of WS2. (b) Evolution of the Raman G-mode frequency ωG measured in vacuum as a function of time
(similar to Fig. S10) on coupled Gr/WS2/SiO2 at EL = 1.96 eV (Φph ∼ 5 × 1023 cm−2 s−1). For comparison, a reference
measurement performed on the same sample on a Gr/SiO2 region is also shown. The upshifted ωG relative to this reference is
a clear fingerprint of photoinduced doping, as it has been thoroughly discussed on Gr/MoSe2.
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Appendix S3: Discussion on the frequency of the 2D-mode feature
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FIG. S15. 2D-mode frequency ω2D measured in ambient air as a function of Φph on sample S1.
In this section, we briefly comment on the rigid upshift of the 2D-mode frequency observed in coupled Gr-MoSe2.
Figs. 1(i) and 2(d) in the main text, and Figs. S2-S5 reveal a rigid upshift of ≈ 15 cm−1 in coupled Gr/MoSe2 as
compared to Gr/SiO2 and decoupled Gr/MoSe2. This upshift cannot be explained by a change of doping [48]. The
2D mode shows more sensitivity to mechanical strain than to doping. However, an upshift of the 2D-mode frequency
of around 15 cm−1 caused by strain would also lead to a G-mode upshift of around 7 cm−1 [55, 56], irrespective
of Φph. Such a shift is clearly not observed in all the figures cited above. Interestingly, a similar upshift of the
2D-mode feature has been observed in graphene deposited of thick boron nitride (BN) flakes [57, 58]. For Gr/BN,
the 2D-mode upshift has been tentatively explained by dielectric screening due to the thick BN substrate, which
reduces the electron-phonon coupling at the K and K ′ points. It is not obvious that a similar explanation could hold
for Gr/single-layer TMD because of the atomic thickness of the TMD. Since the 2D-mode feature interweaves the
electron and phonon dispersions [53, 103, 104, 106, 107], another possible explanation could be the modification of the
graphene band structure due to van der Waals coupling to MoSe2. However, in the case of MoS2/SLG, it has been
calculated that the effects of the interaction on graphene band structure at Γ, K and K ′ can be neglected [23, 108].
This intriguing observation of significant 2D-mode stiffening in vdWH will need further theoretical investigations to
be fully understood.
Appendix S4: Discussion on optical interference effects
Optical interferences are known to affect the PL and Raman scattering response of 2DM deposited on layered
substrates such as Si/SiO2 [109–112]. Here, we calculated a PL enhancement of only 5 % for air/MoSe2/SiO2/Si as
compared to air/Gr/MoSe2/SiO2/Si. This value is much too low to explain the observed PL quenching. We also
calculated that for Gr/MoSe2, optical interference effects lead to a negligible enhancement of I2D/IG by about 4 %
as compared to the case of Gr/SiO2.
